An image of a straight edge in confocal self-interference microscopy (CSIM) is analyzed. Simulations of edge images based on a two-dimensional imaging equation are presented that show a 103% increase in edge gradient and a 43.1% decrease in the 10-90% width. The first experimental results, to our knowledge, for CSIM are presented and show good agreement with the simulation results and a 23% decrease in the 10-90% width.
Confocal self-interference microscopy (CSIM) uses the birefringence of a calcite plate to generate an interference pattern in detection optics, which sharpens the point-spread function (PSF). 1 A calcite plate has different refractive indices along different polarization states that generate optical path difference (OPD) between two perpendicularly polarized beams. This OPD is a function of the incidence angle onto a calcite plate, and the incidence angle onto a calcite plate is a function of a source position of the reflected beam from the specimen. Thus, a calcite plate generates an interference pattern in the detection part of confocal microscopy. This interference pattern, which is called self-interference, generates constructive interference when the reflection point is on axis and destructive interference when the reflection point is off axis. Such a pattern of interference sharpens the detection PSF of the total imaging system. Since the OPD through a calcite plate is usually larger than several hundred micrometers, this type of confocal microscopy is applicable only to reflection-based images.
CSIM is similar to differential interference contrast (DIC) microscopy in that both use birefringent materials to enhance image quality. However, birefringent materials are used differently in these two types of microscopy. Interference between two nearby points in a specimen is used in DIC microscopy, but a light beam from one point in a specimen splits into two beams and these two beams generate interference in CSIM. The phase of the interference depends on the optical thickness difference between two points in DIC microscopy, but the phase depends on the position of the reflection point in CSIM.
A two-dimensional imaging equation for CSIM was derived in another paper. 2 According to this previous work, the PSF of CSIM in normalized coordinates is given by
͑1͒
where h cm is the PSF of conventional confocal microscopy, h si is the self-interference equation, v is the normalized two-dimensional position vector in the specimen plane, c si is the self-interference constant, and v x is the x component of v. The normalized twodimensional position vector is given by
where is the wavelength of the light source used, NA is the numerical aperture of the objective lens, and ͑x , y͒ is the two-dimensional position vector in the specimen plane. As shown in Eq. (1), the self-interference equation is divided into two terms, the transmittance variation term and the phase delay term. The selfinterference constant is an important parameter since it determines the period of the self-interference pattern. Figure 1 shows the PSF of confocal microscopy, the self-interference pattern, and the PSF of CSIM. When the period of the self-interference is smaller than the size of the PSF of confocal microscopy, the PSF of CSIM can be made narrower along the direction in which the self-interference occurs.
An image of a straight edge shows an aspect of the two-dimensional imaging ability of an optical system. A sharper edge image means better lateral resolution in general. In confocal microscopy, the gradient at the edge is increased relative to that of conventional light microscopy. 3 Furthermore, edge gradient improvement of 2.36 times was achieved with confocal microscopy with pupil plane filters 4 ; however, the image of the straight edge overshot around the edge.
In this Letter, images of a straight edge are studied to show the lateral resolution improvement in CSIM. The numerical simulations based on the two- The images of the straight edge are simulated for various values of self-interference constant c si . This self-interference constant determines the shape of the PSF of CSIM. In all the simulations, the size of the pinhole is assumed to be the Airy diameter of the focused spot on the detector. The object is assumed to have a reflection coefficient of 1 when v x is larger than 0 and 0 when v x is smaller than 0. The normalized specimen coordinates were used to generalize the simulation results.
Simulation results for various self-interference constants are shown in Fig. 2 . As can be seen from this figure, the edge gradient with a c si of 0.4 is larger than that with a c si of 0. The image with a c si of 0 shows the edge image of confocal microscopy. There is another performance criterion used to evaluate the images of the straight edge, the 10-90% width, 5 the lateral width between two points having intensities of 10% and 90%. The 10-90% width with a c si of 0.4 is smaller than that with a c si of 0 because the central lobe of the PSF of CSIM becomes smaller as c si increases.
However, when c si is 0.8, the edge images show artifacts in the transient region. The period of selfinterference at this c si value is 2.5, which is similar to the distance between the saddle points of the artifacts. Since the period of the self-interference is smaller than the airy diameter, the first zero position of the PSF is determined by the self-interference pattern. When the edge is located around this first zero position of the PSF, the sensitivity of the intensity to the change in specimen position is low, which creates the saddle points. The edge gradient with a c si of 0.8 is larger than that with a c si of 0.4, but the 10-90% width is worse than that with a c si of 0.4 because of the artifacts mentioned above. Although CSIM with a c si of 0.8 achieves a better edge gradient, the edge image with a c si of 0.4 can be said to have better quality since it has a smaller 10-90% width and does not have any artifacts. When c si is 1.2, the saddle points induced by the high-frequency selfinterference move closer to the edge position, which worsens the quality of edge image.
The simulation results are summarized in Fig. 3 . Figure 3(a) shows the variation of the edge gradient for varying c si values. As can be shown from this figure, the edge gradient increases as c si increases. However, when c si is larger than 0.66, the edge gradient does not increase but starts to decrease because the saddle points move closer to the edge position as c si increases, which results in deterioration of the sensitivity. The maximum edge gradient achievable with CSIM is 0.6084, which shows a 104% increase relative to that of confocal microscopy. Figure 3(b) shows the variation of the 10-90% width for varying c si values. When c si is less than 0.54, the 10-90% width decreases as c si increases. However, when c si increases further, the 10-90% width shows a nonmonotonic curve. As shown in Fig.  2 , the edge images with large c si values show artifacts induced by the high-frequency self-interference pattern. Because of these artifacts, the 10-90% width increases according to the increase in c si in some regions and decreases according to the increase in c si in other regions, depending on the positions of the saddle points and the intensity at these points. The minimum 10-90% width achievable with CSIM is 1.7646, which shows a 43.1% decrease relative to that of confocal microscopy. The optical system was constructed to obtain edge images for confocal microscopy and CSIM. A He-Cd laser (Melles Griot, 45MPS420) with a wavelength of 442 nm was used as the light source. An objective lens (Nikon) with a magnification of 20 and a NA of 0.35 was used. Two achromat lenses (Newport) with focal lengths of 175 and 25.4 mm were used in telescope optics, which makes the angular magnification of the telescope optics 6.89. A calcite plate (Lambda Research) with a thickness of 5 mm and an optic-axis angle of 45°was used. A self-coded virtual pinhole software was used to achieve the pinhole effect. The edge images for confocal microscopy were obtained by removing the calcite plate and two polarizers. A 10 m pitch standard specimen (Olympus) was used that has slit arrays with a pitch of 10 m on the reflecting surface. Figure 4 shows the line profiles of the edge images for confocal microscopy and CSIM. The simulation results are converted to real coordinates. In these simulations, reduction of the effective radius of the objective lens induced by the iris after the calcite plate was considered. The simulation result for CSIM is calculated for a c si of 0.411 since the selfinterference constant is given by
where c cal is the calcite constant defined as the ratio between the phase difference induced by a calcite plate and the incidence angle onto the calcite plate, M to is the angular magnification of the telescope optics, and r ol is the radius of the back focal pupil of the objective lens. From the experiment, c cal is measured to be 162.8 rad/°. By using this c cal value and other system parameters described before, a c si of 0.411 is achieved.
As can be shown from Fig. 4 , the edge image for CSIM is sharper than that for confocal microscopy. And the experimental results for both CSIM and confocal microscopy correspond to simulation results. The 10-90% width was obtained by averaging 50 measurement results in each optical system. The measured 10-90% width for CSIM was 477 nm, which shows a 23% decrease relative to that for confocal microscopy, 662 nm. These measured 10-90% width values agree with the simulation results with an error of about 23% and 18%, respectively. The edge gradient was hard to measure since it was not easy to locate the edge position and the sampling interval was not small enough to calculate an accurate gradient at the edge.
In this Letter, the image of a straight edge in CSIM has been analyzed. The simulations of the edge images were done based on a two-dimensional imaging equation. Simulation results showed that the edge gradient can be increased by 104% and the 10-90% width can be reduced by 43.1% with CSIM. The first experimental results, to our knowledge, for CSIM have been presented. These agree with the simulation results and a 23% decrease in the 10-90% width. This result is not the best performance of CSIM but shows that CSIM works as the two-dimensional equation for CSIM predicts.
